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10 ABSTRACT: Cyclometalation of [Cp*IrCl2]2 with methyl (S)-2-phenyl-
11 4,5-dihydrooxazole-4-carboxylate in the presence of NaOAc selectively led
12 to a N,C- or N,O-chelated Cp*Ir(III) complex, depending on whether or
13 not water was present in the reaction. While derived from the same pre-
14 cursor, these two complexes behaved in a dramatically diﬀerent manner in
15 asymmetric transfer hydrogenation (ATH) of ketones by formic acid, with
16 the N,O-chelated complex being much more selective and active. The
17 sense of asymmetric induction is also diﬀerent, with the N,O-complex
18 aﬀording S while the N,C-analogue R alcohols. Further study revealed that
19 the nature of the base additive considerably impacts the enantioselectivity
20 and the eﬀective HCOOH/amine ratios. These observations show the
21 importance of ligand coordination mode and using the right base for ATH
22 reactions.
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24N,C-Chelated half-sandwich iridium complexes of type 125 have received a great deal of attention in the past decade,
26 ﬁnding numerous applications in catalysis among others
27 (Figure 1).1 In 2008, Ikariya and co-workers reported that
28 complex 2 catalyzes the aerobic oxidation of alcohols.2 When
29 the metalacycle was made chiral with a simple chiral amine,
30oxidative kinetic resolution of racemic alcohols was shown to
31be feasible. In the same year, Pfeﬀer, Janssen, Feringa, de Vries
32et al. found that complex 3 with a simple amine ligand is a
33good catalyst for racemization of alcohols.3 In 2009, Crabtree
34and co-workers disclosed complex 4 with 2-phenylpyridine as a
35ligand for water oxidation.4 In 2010, one of our groups demon-
36strated that the ketimine-ligated complexes 5 are powerful
37catalysts for the reductive amination of a wide variety of car-
38bonyl compounds.5 The following years have witnessed ﬂour-
39ishing applications of half-sandwich cyclometalated iridium
40complexes in catalysis, including hydrogenation, reductive
41amination, dehydrogenation, oxidation, alkylation, racemisa-
42tion, hydrosilylation, hydroamination, polymerization, and
43related reactions.1,6
44The somewhat related N,O-chelated half-sandwich com-
45plexes of iridium derived from α- and β-amino acids,
462-pyridylacetic acid, picolinic acid, or even peptide ligands
47have been known for decades.7 However, they have only
48scarcely been used in catalysis. Examples are found in the
49α-amino-acid-derived N,O-chelated complex 6, which catalyzes
50the asymmetric transfer hydrogenation (ATH) of ketones7n
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Figure 1. Selected examples of N,C- and N,O-chelated half-sandwich
iridium complexes.
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51 and complex 7 as a highly reactive and selective catalyst for the
52 alkylation of amines with alcohols.7p The iridium complex 8
53 bearing a 2-pyridylacetic-acid-derived ligand is an eﬃcient cata-
54 lyst for the dehydrogenation of alcohols.7o
55 In continuing our exploration of N,C-chelated iridium com-
56 plexes in catalysis,1d we targeted a simple chiral complex 9,
57 anticipating that it might enable asymmetric reduction of
58 imines. The imino substrate could be activated by the carbox-
59 ylic acid (R = H) or the ester (R = alkyl) via hydrogen bonding
60 and thereby positioned, facilitating enantioselective hydride
61 transfer as illustrated in Figure 2.8 However, the outcome of
62 our endeavor is totally unexpected. The oxazoline ligand was
63 found to form, surprisingly, either a N,C- or a N,O-chelated half-
64 sandwich Ir(III)-complex and remarkably, this mode of chelation
65 has a dramatic eﬀect on the enantioselectivity of the Cp*Ir(III)
66 complex-catalyzed ATH of ketones. While both N,C- and N,O-
67 chelated half-sandwich complexes have been well-documented
68 in the literature, little is known of how the diﬀerence in the
69 coordination mode of the ligand may aﬀect their catalytic activ-
70 ity and selectivity.
71 Cyclometalation through C−H activation is a well-established
72 method for the synthesis of transition-metal complexes bearing
73 η2-C,X (X = C, N, O) ligands.1 According to a general procedure
74 for the preparation of cyclometalated complexes,5,9 methyl
75 (S)-2-phenyl-4,5-dihydrooxazole-4-carboxylate 10 was reacted
76 with [Cp*IrCl2]2 at room temperature in the presence of anhy-
77 drous NaOAc. The reaction aﬀorded a mixture of two half-
78 sandwich Cp*Ir(III) complexes: the expected N,C-chelated
79 complex 11a and an “abnormal” N,O-chelated complex 11b, in
80 a ratio of 11a:11b = 1:3.5 (Table 1, entry 1). Delightfully, the
81 ratio of 11a to 11b was found to be variable with the amount
82 of water in the solvent. Thus, when CH2Cl2 dried over CaH2
83 was used, the ratio of 11a increased with 11a:11b = 1:1 (entry 2,
84 Table 1), and introducing 4 Å molecular sieves to this reaction
85 aﬀorded the N,C-chelated complex 11a as the sole product
86 (entry 3, Table 1). In sharp contrast, using wet CH2Cl2 led to
87 the exclusive formation of the N,O-chelated complex 11b
88 (entry 4, Table 1). Most likely, 11b is formed via initial coordi-
89 nation of the ester moiety to the Lewis acidic Ir(III) center,
90 followed by hydrolysis with water, as illustrated in Table 1.
91 In the absence of an ester group, cyclometalation occurs with
92 or without water (See Section 8 in the Supporting Information
93 (SI).) Both 11a and 11b are air-stable complexes. Attempts to
94 convert one to the other under various conditions, e.g., by
95 adding an acid or a base or raising the temperature, have not
96 been successful. The structures of 11a and 11b were
97 determined by single-crystal X-ray diﬀraction and are shown
98 in Figure 3.
99 Pure 11b exists in solution as a mixture of two diastereomers
100 (ratio of 9.8:1), because of the presence of chiral centers at
101 iridium and the ligand. 1H NMR monitoring of the freshly pre-
102 pared solution of 11b in dry CDCl3 or CD3OD in the −50 °C
103 to +40 °C range indicated that the diastereomeric ratio does not
104change noticeably by varying the temperature or solvent, even
105after 24 h. No changes in the diastereomeric ratio were also
106observed upon the addition of [Bu4N]Br or [Bu4N]I (5 equivs).
107Prolonged heating of the mixture with [Bu4N]Br or [Bu4N]I
108(40 °C, longer than 1 h) resulted in the gradual change of the
109solution color from orange to red, presumably indicating the
110replacement of the chloride with Br or I. The addition of an
111excess amount of acetic acid (5 equivs) or a mixture of acetic
112acid and isopropylamine did not alter the structure of 11b or
113its diastereomeric ratio either. Similarly, 11a appears as a mix-
114ture of two diastereomers, the ratio of which, however, is consid-
115erably higher (>20:1), and addition of acetic acid and isopro-
116pylamine to a solution of 11a in CDCl3 brought about no
117notable eﬀect, as shown by 1H NMR (see Section 7 in the SI).
118The fact that 11a and 11b diﬀers mainly in the coordination
119mode of the chiral ligand prompted us to compare their ability
Figure 2. Target catalyst and proposed mode of asymmetric reduction
of imines involving secondary interactions.
Table 1. Synthesis of Cyclometalated Cp*Ir(III) Complexes
11a and 11ba
entry solvent additive yieldb (%) 11a:11bc
1 CH2Cl2
d no 94 1:3.5
2 dried CH2Cl2
e no 92 1:1
3 dried CH2Cl2
e 4 Å MS (50 mg/mL) 89 >99:1
4 CH2Cl2
d H2O (2%, v/v) 97 <1:99
aConditions: ligand (0.49 mmol), [Cp*IrCl2]2 (0.22 mmol), NaOAc
(4.9 mmol), DCM (10 mL), rt, 24 h. bIsolated yield. cProduct ratio
determined by 1H NMR of the crude reaction mixture. dUsed as
received. eDried over CaH2.
Figure 3. Molecular structures of 11a and 11b determined by single-
crystal X-ray diﬀraction (XRD). For 11a, the selected bond distances
are as follows: Ir1−Cl1, 2.4138(10) Å; Ir1−N1, 2.078(5) Å; Ir1−C1,
2.056(6) Å; Ir1-avgC(Cp*), 2.189(15) Å. For 11a, the selected bond
angles are as follows: N1−Ir1−Cl1, 87.47(15)°; C1−Ir1−Cl1,
86.84(18)°; C1−Ir1−N1, 77.7(3)°. For 11b (solvent omitted for
clarity), the selected bond distances (Å) are as follows: Ir1−Cl1,
2.404(2) Å; Ir1−O3, 2.152(7) Å; Ir1−N1, 2.092(8) Å; Ir1-
avgC(Cp*), 2.142(23) Å. For 11b (solvent omitted for clarity), the
selected bond angles (deg) are as follows: O3−Ir1−Cl1, 83.6(2)°;
N1−Ir1−Cl1, 88.3(3)°; N1−Ir1−O3, 77.0(2)°.
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120 of catalyzing ATH reactions.10 First, we tested the catalytic
121 performance of 11a and 11b in the ATH of ketones, choosing
122 the reduction of p-nitroacetophenone as a model reaction.
123 As can be seen from Table 2, in the presence of 1% of 11a or
124 11b, p-nitroacetophenone could be reduced by using an azeo-
125 tropic mixture of formic acid/triethylamine (F/T) in CH2Cl2
126 at room temperature. However, the outcome is remarkably
127 diﬀerent. Thus, while the N,C-chelated 11a showed a very low
128 catalytic activity (75% conversion in 15 h) and extremely low
129 enantioselectivity (4% ee), the N,O-analogue 11b was much
130 more active and enantioselective (100% conversion in 2 h,
131 73% ee). Of further notice is that the conﬁguration of the prod-
132 ucts obtained with 11a and 11b is opposite. This sharp diﬀerence
133 was repeated in other solvents as well, reinforcing the contrast
134 brought about by a simple change in ligand coordination mode
135 and the superiority of the N,O-chelated 11b (Table 2, entries
136 5−14). The best enantioselectivity was observed in CH2Cl2
137 with 11b. These observations suggest that, although 11a and
138 11b bear chiral ligands of similar original structure, the diﬀer-
139 ing coordination mode of the ligands impacts the mechanism
140 of how they aﬀect the ATH and, particularly, the step of hydride
141 transfer, where the enantioselectivity is likely to be determined.
142 Bearing in mind that the ratio of F/T may aﬀect the
143 enantioselectivity of ATH of ketones,11 we also examined the
144 eﬀect of this parameter on the ATH with the more eﬀective
145 catalyst 11b. As shown in Figure 4, the F/T ratio indeed
146 impacts on the enaniomeric excess (ee) of the ATH in ques-
147 tion, with the highest ee observed in a narrow widow of ca.
148 2.5−3. More interestingly, variation of the nature of the amine
149 used brought about a hitherto little-noticed ﬁnding, i.e., both
150 the nature of the amine and its ratio with HCOOH considerably
151 af fect the enantioselectivity of the ATH. Among the tested amines,
152 the HCO2H-iPrNH2 (2:1) mixture gave the highest enantiose-
153 lectivity, with a signiﬁcantly widened window of eﬀective
154 HCOOH/amine ratios. While the reason for the varying eﬀect
155 of amines on the ee is not entirely clear at the moment, the
156 observation calls for attention when examining other catalysts
157 for ATH reactions with formic acid, where NEt3 has been used
158 as a base almost exclusively in the past decades.10a−d,g−n
159Under the optimized conditions, we made further compar-
160ison of 11a with 11b in the ATH of acetophenones bearing
161either electron-donating or electron-withdrawing substituents
162on the aromatic (Table 3). As with the reduction using an azeo-
163tropic mixture of F/T as hydrogen source, the 11b-catalyzed
164ATH of all four tested acetophenones with the HCO2H−iPrNH2
165(2:1) mixture gave excellent enantioselectivity in each case (see
166Table 3, entries 2, 4, 6, 8, and 10), while the performance of
16711a was much poorer (Table 3, entries 1, 3, 5, 7, and 9). These
168observations substantiate further the assertion that the coordi-
169nation mode of ligands can exert a signiﬁcant eﬀect on the
170activity and enantioselectivity of ATH reactions.
171The scope of substrates was subsequently examined
172with complex 11b using the HCO2H-iPrNH2 (2:1) mixture
Table 2. Comparison of ATH of p-Nitroacetophenone under Various Conditionsa
entry catalyst solvent time (h) conversionb (%) enaniomeric excess, eec (%)
1 11a CH2Cl2 15 75 4 (R)
2 11b CH2Cl2 2 100 73 (S)
3d 11a F/T 15 61 2 (R)
4d 11b F/T 15 96 38 (S)
5 11a MeOH 15 80 4 (R)
6 11b MeOH 15 97 53 (S)
7 11a iPrOH 15 71 2 (R)
8 11b iPrOH 15 99 40 (S)
9 11a toluene 15 42 2 (R)
10 11b toluene 15 100 42 (S)
11 11a H2O 15 54 3 (R)
12 11b H2O 15 85 27 (S)
13e 11a aq. solution of HCO2H/HCO2Na 15 58 0
14e 11b aq. solution of HCO2H/HCO2Na 15 100 37 (S)
aConditions: substrate (0.2 mmol), catalyst (0.002 mmol), azeotropic F/T solution (0.5 mL), solvent (2 mL), room temperature. bDetermined by
1H NMR of the crude reaction mixture. cDetermined by HPLC. dAzeotropic F/T solution (2.5 mL) was used with no additional solvent. eAqueous
formate solution used (pH 4.5).
Figure 4. Eﬀect of amines and the molar ratio of HCOOH/amine on
the enantioselectivity of the ATH with catalyst 11b. Conditions:
p-nitroacetophenone (0.2 mmol), catalyst (0.002 mmol), HCOOH/
amine solution (0.5 mL), DCM (2 mL), room temperature. The ee
value was determined by high-performance liquid chromatography
(HPLC).
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173 as a hydrogen source (see Figure 5). All aromatic ketones
174 could be reduced with excellent enantioselectivities (90%−
175 99% ee). However, the catalyst shows a low activity toward
176 acetophenones that bear highly electron-donating substit-
177 uents or sterically more demanding ones, e.g., 4-hydroxyace-
178 tophenone and α-substituted acetophenones. We note that
179 electron-rich ketones have been challenging for ATH cata-
180 lysts in general, and only a few examples of ATH of hydroxy-
181 acetophenones are known.12 Still disappointingly, neither 11b
182 nor 11a was found to be enantioselective in the ATH of
183 imines.
184A plausible mechanism for the 11b-catalyzed ATH is shown
185in Figure 6. The steps leading to the iridium-hydride from 11b
186would be expected to be similar to those proposed for the N,C-
187chelated iridacycles.13 It is the hydride transfer step that sets
188this catalyst apart from other N,O- or N,C-chelated iridium
189catalysts. We hypothesize that the ammonium cation
190participates in the transition state of this enantioselectivity-
191determining step, hydrogen-bonding both the N,O-ligand via
192its carboxylate oxygen and the ketone substrate through its
193carbonyl oxygen. Such a hydrogen bonding network would be
194expected to lower the barrier of the transition state and
195enhance the enantioselectivity of the hydride transfer. Density
196functional theory (DFT) modeling of the hydride-transfer step
197revealed that the isopropylammonium cation can indeed par-
198ticipate in the transition state and further showed, consistent
199with the experiment, in that it is the S alcohol that is to be
200favored (ΔΔG⧧ = 1.8 kcal/mol). As shown in Figure 6, the tran-
201sition state of the hydride transfer involves two protons of the
202ammonium cation strongly hydrogen-bonding with the oxygen
203atom of the carboxylate ligand (a; O···H distance = 1.92 Å)
Table 3. Comparison of ATH of Aromatic Ketones
Catalyzed by 11a and 11ba
entry R catalyst conversionb (%) enaniomeric excess, eec (%)
1 H 11a 6 4 (R)
2 H 11b 23 98 (S)
3 o-OMe 11a 8 6 (R)
4 o-OMe 11b 20 93 (S)
5 p-OMe 11a 10 7 (R)
6 p-OMe 11b 23 92 (S)
7 p-Br 11a 20 3(R)
8 p-Br 11b 65 99 (S)
9 p-NO2 11a 30 5 (R)
10 p-NO2 11b 100 93 (S)
aConditions: substrate (0.2 mmol), catalyst (0.002 mmol),
HCOOH/amine (2:1) solution (0.5 mL), DCM (2 mL), room tem-
perature, 3 h. bDetermined by 1H NMR of the crude reaction mixture.
cDetermined by HPLC.
Figure 5. ATH of various aromatic ketones with complex 11b.
Isolated yields are given. For more details, see the SI.
Figure 6. Suggested mechanism for the ATH of ketones with the
N,O-chelated iridium complex. The ammonium cation may hydrogen
bond with the N,O-ligand throughout the catalytic cycle. The sug-
gested transition state of hydride transfer is supported by a DFT
calculation. (Ar = Ph. For details, see Section 13 of the SI.)
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204 and the acetophenone oxygen (c; O···H distance = 1.25 Å,
205 indicating signiﬁcant O−H bond formation) simultaneously.
206 There also appear to be weaker interactions between these two
207 protons and the ligand oxygen (b; 2.91 and 2.90 Å, respec-
208 tively) (see Section 13 of the SI for more details). The exis-
209 tence of the hydrogen bonding in question may not be
210 unexpected, as ammonium cations are widely known to form
211 moderately strong hydrogen bonds with various carbonyl
212 compounds.14 In ATH reactions, ligand-induced hydrogen
213 bonding has been well-established since the pioneering work of
214 Noyori and Hashiguchi;15 however, examples of hydrogen
215 bonding enabled by carboxylate ligands are relatively rare.16
216 The calculated transition state in Figure 6 also indicates
217 why the nature of the ammonium cation aﬀects signiﬁcantly
218 the enantioselectivity, with the cation directly involved in the
219 enantioselectivity-determining step. What remains to be
220 delineated is how the other cations, e.g., Et3NH
+, participate
221 in the transition state and thereby aﬀect the ee, although
222 primary ammonium cations appear to form stronger hydrogen
223 bonds with ketones than tertiary ones.14
224 In summary, we have demonstrated that (1) a N,C- or a
225 N,O-chelated half-sandwich Cp*Ir(III)-complex can be
226 selectively prepared from the reaction of methyl (S)-2-
227 phenyl-4,5-dihydrooxazole-4-carboxylate with [Cp*IrCl2]2 by
228 simply changing the reaction conditions; (2) the mode of
229 chelation has a dramatic eﬀect on the enantioselectivity of the
230 Cp*Ir(III) complex-catalyzed ATH of ketones; and (3) the
231 nature of the amine and its ratio with HCOOH signiﬁcantly
232 aﬀect the enantioselectivity of the N,O-complex-catalyzed
233 ATH reaction.
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348 T.; Paulus, H.; Elias, H.; Dücker-Benfer, C.; van Eldik, R. Kinetics and
349 Mechanism of Water Substitution at Half-Sandwich Iridium(III)
350 Aqua Cations Cp*Ir(A−B)(H2O)2+/+ in Aqueous Solution (Cp* =
351 η5-Pentamethylcyclopentadienyl Anion; A−B = Bidentate N,N or
352 N,O Ligand). Eur. J. Inorg. Chem. 2001, 2001, 1361−1369.
353 (e) Carmona, D.; Vega, C.; Lahoz, F. J.; Atencio, R.; Oro, L. A.;
354 Pilar Lamata, M.; Viguri, F.; San Jose, E. Synthesis and Stereo-
355 chemistry of Half-Sandwich Alkynyl Amino Acidate Complexes of
356 Rhodium(III), Iridium(III), and Ruthenium(II). Organometallics
357 2000, 19, 2273−2280. (f) Carmona, D.; Lahoz, F. J.; Atencio, R.;
358 Oro, L. A.; Lamata, M. P.; San Jose,́ E. Chiral Iridium(III) α-Amino
359 Acidato Complexes (RIr,SN,SC)- and (SIr,SN,SC)-[(η
5-C5Me5)Ir(L-
360 prolinate)(C C CMe3)]. Tetrahedron: Asymmetry 1993, 4, 1425−
361 1428. (g) Grotjahn, D. B.; Groy, T. L. Formation and Structure of
362 Coordinatively Unsaturated CpIr-Amino Acid Complexes. Kinetic
363 and Thermodynamic Control in Highly Diastereoselective Complex-
364 ation Reactions. Organometallics 1995, 14, 3669−3682. (h) Grotjahn,
365 D. B.; Groy, T. L. Formation of Coordinatively Unsaturated Cp*Ir-
366 Amino Acid Complexes and Their Highly Diastereoselective
367 Complexation Reactions. J. Am. Chem. Soc. 1994, 116, 6969−6970.
368 (i) Carmona, D.; Mendoza, A.; Lahoz, F. J.; Oro, L. A.; Lamata, M. P.;
369 San Jose,́ E. Optically Active Pseudoctahedral Rhodium(III),
370 Iridium(III), and Ruthenium(II) Complexes with α-Amino Acidato
371 Ligands. Crystal structures of RIrSCSN- and SIrSCSN-[(C5Me5)Ir(pro)-
372 Cl]·12H2O (Hpro = l-proline). J. Organomet. Chem. 1990, 396, C17−
373 C21. (j) Grotjahn, D. B.; Joubran, C.; Hubbard, J. L. Highly
374 Stereoselective Formation of Cp*IrCl Complexes of N,N-Dimethy-
375 lamino Acids. Organometallics 1996, 15, 1230−1235. (k) Kramer, R.;
376 Polborn, K.; Wanjek, H.; Zahn, I.; Beck, W. Chirale Halbsandwich-
377 Komplexe von Rhodium(III), Iridium(III), Iridium(I) und
378 Ruthenium(II) mit α - Aminosaüre - Anionen. Chem. Ber. 1990,
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